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We have measured the Young's modulus and internal friction of several families of aluminum-

based quasicrystals from 0.01 to 300 K and from 200 Hz to 8 kHz with a vibrating-reed technique.
In the metastable aluminum-transition-metal quasicrystals we see a unique large linear temperature
dependence of the internal friction in the 1-100-K range; this is one of the very few measured prop-
erties of quasicrystals that differ from metallic glasses or alloys. We do not see the large linear

dependence in quasicrystals from the stable families, providing an observable difference in the phys-

ical properties of the stable and metastable families. %'e see glassy behavior in some of the quasi-

crystals that is as large as that observed in metallic glasses. Finally, we will present low-

temperature speed-of-sound data that cannot be explained by standard models of glasses and alloys.

I. INTRODUCTION

The extremes of order and disorder shape our under-
standing of solid matter. The theory of crystalline metals
and dielectrics is well developed, but our understanding
of glasses and other disordered solids is poor. There is a
phenomenological model of the surprisingly similar
thermal, dielectric, and mechanica1 properties of these
materials below 4 K, and there are some ideas applicable
to the 5-100-K range, in which glasses also show similar
thermal properties. Nonetheless, there is no coherent
picture of the glassy state with anything near the power
and clarity that periodicity brings to bear on crystals. In
order to identify the kind of disorder that gives rise to the
universal properties of glasses and to describe them mi-
croscopically, it is important to measure solids possessing
various forms of disorder in a progression from pure
crystals to completely amorphous materials over a wide
range of frequencies and temperatures.

Towards that end, we present in this paper the results
of mechanical measurements on vibrating quasicrystal
reeds, a class of alloys with a novel structure which is nei-
ther translationally periodic nor amorphous. Most of
these alloys are cooled more slowly from the melt than
metallic glasses, but are cooled much more quickly than
crystals, presenting an intermediate state of thermo-
dynamic stability. We have measured the temperature
variation of the internal friction, which is the elastic loss
experienced by a vibrating solid, as well as the variation
in the Young's modulus, which is an elastic constant
closely related to the transverse speed of sound. We find

that while quasicrystals are essentially crystalline, they
can also display unusual mechanical properties.

Birge et a/. ' have studied the mechanical properties of
reeds of quasicrystals and related alloys between 5 mK
and 10 K. In the quasicrystals they find a glasslike elastic
signature with a magnitude on the order of one-tenth that
seen in metallic glasses. We report here on measurements
over a greater variety of alloys and temperatures between
10 mK and 100 K. Although we have seen glassy behav-
ior similar to that seen by Birge et al. , we also And elastic
behavior below 1 K which is not described by simple
glass models, and novel behavior in the activated regime
(2—100 K).

Icosahedral alloys, or quasicrystals, were discovered
through their remarkable fivefold diffraction patterns,
and since then much effort has been exerted to under-
stand the structure of these alloys and to determine the
extent and nature of disorder in them. Investigations of
diffraction spot shape and diffuse scattering have helped
guide model building in the Penrose tihng and random-
packing or icosahedral glass traditions. Just as ordinary
crystals have defects and elementary excitations (pho-
nons) corresponding to the breaking of their periodic
symmetry, the icosahedral alloys can possess a new kind
of distortion, called phasons, corresponding to their clas-
sically forbidden symmetries. These phasons are frozen
in at the temperatures at which the quasicrystals are
stable or metastable, and do not propagate as do phonons
in crystals. These phasons can be described as local rear-
rangements of atoms in icosahedral clusters; this form of
disorder and its relationship to the novel symmetry of
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icosahedral alloys are described elsewhere.
There are several alloy systems in which quasicrystals

are now known to occur. Among them are the
aluminum —transition-metal (Al-M) alloys, discovered by
Schechtman and explored in detail by Bancel. ' These
quasicrystals are metastable; they can be formed only by
melt spinning and revert to ordinary polycrystals
when heated above a transition temperature. Several
other families are stable; both Al-Li-Cu (Ref. 11) and
Al-Cu-Fe, ' for example, can yield large (1-mm) single
quasicrystals by conventional casting, with cooling rates
on the order of 5 Kimin. These large quasicrystals per-
mit "single-crystal" x-ray diffraction. '

Diffraction, however, cannot distinguish between
stable and metastable quasicrystals, or completely assess
the effect of annealing the icosahedral alloys. For exam-
ple, the correlation lengths of the best A1-M quasicrystals
are comparable to those in the macroscopic quasicrystals
of the stable alloys, despite the great disparity in their
grain sizes. In addition, three quite different thermal
treatments of Al-Cu-Fe reveal no appreciable differences
in peak position, peak intensity, or lattice parameter, and
yield mixed results on linewidths. ' To better understand
these results, and to examine the kinds of disorder which
do not show up in diffraction experiments, we have mea-
sured the temperature variation of the Young's modulus
E and internal friction Q

' of several kinds of
icosahedral alloys from 0.01 to 300 K.

We will present a number of unexpected results which
bear on the nature of both the quasicrystalline and glassy
states. In the aluminum- transition-metal quasicrystals
we see a unique large linear temperature dependence of
the internal friction in the 1-100-K range. This can be
explained by a roughly flat distribution of activation en-
ergies of relaxing processes in this range. Such a distribu-
tion, although plausible for a disordered metal, is in fact
not seen in metallic glasses or alloys at these tempera-
tures. This is one of the very few measured properties of
quasicrystals that differ from metallic glasses or alloys.
The magnitude of this term can vary with the composi-
tion and annealing of the sample, suggesting that it is a
consequence of the presence of metastable defects associ-
ated with icosahedral ordering. We do not see the large
linear dependence in quasicrystals from the stable fami-
lies. We see glassy signatures in some of the quasicrystals
that are as large as those observed in metallic glasses
despite the great difference in medium-range order be-
tween quasicrystal and glass revealed by x-ray diffraction.
Finally, we will present low-temperature speed-of-sound
data that cannot be explained by standard models of
glasses and alloys.

II. MODELS OF ANELASTICITY

A linear elastic solid obeys Hooke's law, which states
that the stress (restoring force) is proportional to strain
(displacement from equilibrium) at all times. A linear
anelastic solid has an internal degree of freedom, such as
the position of a defect, which interacts with strain. This
gives rise to a time lag between stress and strain and
hence a frequency-dependent loss and elastic modulus.

This time, called a relaxation time, is usually denoted by
v., and the magnitude of the effect is A, the relaxation
strength. The standard mechanical model for an anelas-
tic solid is a spring in series with a combination of a
spring and dashpot in parallel. For this model, the inter-
nal friction Q

' and the change in modulus 5E/Eo are
given by

C07 5E 1
Q =A and = —A

where Eo is the modulus in the limit of no defect motion
(~ ~0), and co is the frequency at which the solid is
driven (which in our experiments is a resonant frequency
of a reed). We will usually discuss our results in terms of
a speed of sound u =&E!p,where p is the density. Then
5u/v =

—,'5E/Eo. It is useful to introduce the derivative
with respect to temperature of the relative change in the
speed of sound, which we call P=(d IdT)(5u iv ) and will
express in ppm/K. Since p is negative for most materials
in most temperature regimes (solids get stiffer when
cooled), we will also have need of its absolute value ~p~,
which we will call the slope. When we say that the slope
of 5v iu is decreasing, we shall always mean that ~p~ is de-
creasing.

In this section, we review the theory and typical exper-
imental results relevant to each of the possible processes
leading to anelasticity. The review will go from well-
understood and quantitatively useful theories to qualita-
tive explanations, and end with a phenomenon which,
while present in a wide variety of disordered systems at
easily accessible temperatures, has received very little
theoretical attention. The data, to be presented in Sec.
IV, will be examined in a similar fashion, progressing
from the simplest to the most complicated results.

In crystalline metals, the relevant intrinsic mechanisms
are the equation of state of the electron gas and lattice
anharmonicity, ' which give 5v /v of the form—A, T —A „T for T&(8D, where A, is the electronic
contribution, A» the phonon contribution, and 8D is
the Debye temperature. In addition, transverse thermal
currents induced by inhomogeneous strain during flexural
vibration of the reed cause thermoelastic damping. For
thermoelastic damping, the terms in Eq. (1) are

TEa2 C
'2

A = A, h =— and ~=~~&= ——
, (2)

where a is the linear coefficient of thermal expansion, C
the specific heat, t the sample thickness, and A the
thermal conductivity. The thermal relaxation time ~,h for
a 25-)u, m ribbon with the thermal properties of Pd-Si (Ref.
15) at 100 K is calculated to be 3X10 s. It follows
from Eq. (1) that the maximum loss will occur at a fre-
quency of 5 kHz, and that our reed frequencies are not
sufficiently far away from this value to allow us to dismiss
thermoelastic damping out of hand. For our reeds A, h is
not negligible compared to other sources of internal fric-
tion when A, h &4X10, which occurs at T&50 K for
most materials in which thermoelastic damping is impor-
tant. It is difficult to calculate the therrnoelastic contri-
bution to Q

' and 5u/v for our quasicrystals since this
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requires knowing a, C, and A as a function of T, as well

as a we11-defined sample thickness t which in fact can
vary substantially around a mean value in the melt-spun
quasicrystals. Therefore, instead of trying to compute
the thermoelastic effects and subtract them from our
data, we looked at Q

' at 100 K at frequencies well
below 5 kHz to see if there was a part of Q

' which is
proportional to co, and compared it to the part of Q
which was constant or only weakly dependent on ~.
None of the quasicrystals showed an increase in Q
with co at 100 K. Therefore, we may ignore therrnoelastic
contributions to the quasicrystal Q

' below 100 K. The
Be-Cu, ' a low mechanical loss alloy, did show a com-
ponent of internal friction which was proportional to fre-
quency. Be-Cu and o-A16Mn had a Q

' typical for poly-
crystalline metals without low-energy defects: Q

' was
around 2X 10 at 100 K, falling off as a power law in T
as a vanishes, reaching a residual value below 15 K. The
5v /v of these alloys, which will be shown later in Figs. 2
and 5, varies with T in the way a crystal's 5v /v would,
except for a variation of about —10 ppm/K below 15 K.
We have concluded that this variation is mostly an ar-
tifact of our technique, which requires a glue joint along
the line of maximum stress on the reed. Experiments on
compound oscillators, in which the joint between a
quartz oscillator and the sample is at a plane of zero
stress, have shown that annealed Be-Cu shows a ~P~ of at
most 2 ppm/K below 15 K.' Hence we regard P be-
tween —10 ppm/K and 0 for T ( 15 K to be indistin-
guishable from the behavior of a good crystalline materi-
al; metallic glasses, in contrast, have P around —100
ppm/K in this regime.

Crystals with defects exhibit damping and modulus
shifts due to thermally activated processes, such as the
8ordoni peak associated with dislocation motion in
copper. ' The relaxation time ~ for a defect of activation
energy V is roexp( V/k& T), where rp is a characteristic
time of defect motion, on the order of 10 ' s in solids.
In general, there can be a distribution of activation ener-
gies N( V) so that

Vlk~ T
N( V}canoe

1 +c02+e "B

5E(T) f N( V)

1+co r()e

where Ep is the elastic modulus at T=O. The relaxation
strength A is the average coupling between the activated
process and the strain field. In principle, A may be tem-
perature dependent, which complicates the analysis of
data taken at a few frequencies as a function of tempera-
ture unless N( V) is a very narrow distribution or, ideally,
a single 5 function. Gilroy and Phillips's analysis' of ac-
tivated defect hopping in a distribution of asymmetric
double wells shows how a tempeature-independent A can
be theoretically obtained in disordered systems. For nar-
row features in Q ', then, we apply the above equations
and determine N( V), ro, and A ( T). For broad features,
we follow Gilroy and Phillips and take A to be constant
in temperature to obtain ro and N( V).

In amorphous solids, the elastic properties below 1 K
are well described by the tunneling-system (TS) phenome-
nology. In this model, groups of atoms in a double-well
potential undergo phonon- or electron-assisted transi-
tions between two closely spaced energy levels in
response to strain. The potential is characterized by a
well asymmetry b, and a tunneling parameter A, ~ ( V& }'~,
where Vb is the barrier height between wells. In the stan-
dard version of this model, 6 and A, have a Hat distribu-
tion, giving a nearly Aat distribution of energy splittings
c,. In normal metallic glasses, the acoustic consequences
of this model are 5v/v= —,'ClnT and Q '=

—,'nC, where

C is a dimensionless constant defined by

C=P~
pv

where P is the density of states of tunneling systems, and

y the mean coupling between the energy-level splitting
and applied strain. In dielectric glasses, there is a critical
temperature T„below which the most rapidly relaxing
TS with energy splittings near kz T have a relaxation time
greater than the period of the applied strain. Then
5v/v =C lnT for T (T„and 5v/v = —

—,'C lnT for
T)T„. For almost all amorphous solids, various experi-
mental techniques show that T„ is around 50 mK at 1

kHz and is proportional to co'~ . Similarly, Q '=
—,'n C as

for metallic glasses for T) T„, but the theory predicts
that Q

' should vanish as T for T( T«. This tempera-
ture and frequency dependence of Q

' has been observed
in ultrasonic experiments with several amorphous solids.
Elastic properties at lower frequecies, measured with
mechanical oscillators, show that T„varies with frequen-
cy as predicted down to 1 kHz, and that the internal
friction varies as T for T « T„at frequencies as low as
66 kHz. ' The behavior of superconducting metallic
glasses is more complicated as it involves accounting for
the strong coupling of the electrons to the TS as well as
the rapid variation in the quasiparticle density of states
near and below the transition temperature T, . At
T « T, the electrons are frozen out and the elastic prop-
erties of superconducting metallic glasses are qualitative-
ly similar to those of dielectric glasses. We will refer to a
physical property as glasslike if its T dependence roughly
follows the dependences just described, and when we say
C is small, we will mean that it is less than 10,which is
roughly ten times smaller than the C of the metallic
glasses PdSi or CuZr as measured at similar frequencies.

Spin glasses possess another kind of disorder, the elas-
tic behavior of which is at least qualitatively understood;
this is seen most clearly in work on the CuMn system
(where the notation denotes a dilute solution of magneti-
cally active ions in a host metal). Because of the full mis-
cibility of Mn in Cu, CuMn can be grown as nearly
defect-free single crystals, thereby eliminating phenome-
na arising from structural disorder or other defects.
Then departures from the crystalline behavior of 6v/v
and Q

' can be attributed unambiguously to the spin
interactions. Experiments ' on the spin glasses
Fe4)pN12&Cr2p and CuMn have shown a contribution to
5v /v that is proportional to the real part of the suscepti-
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bility but of opposite sign; the magnetic interactions
soften the crystal by a few parts per thousand near the
spin-glass transition temperature T . The magnitude of
this contribution is a maxirnurn at T~ and is proportional
to T for T&&T and proportional to 1/T for T&&Tg.
This proportionality is suggested by theory, ' although
it is difficult to get an accurate number for the constant of
proportionality. Theory also suggests that for spin
glasses Q

' is proportional to the imaginary part of the
susceptibility; the existing data are less convincing on this
point.

Finally, we come to a phenomenon which occurs in all
metallic glasses and many disordered dielectrics, such as
amorphous Se-Ge compounds, which was first noted by
Bellessa, ' which we will call the Bellessa effect. In
crystals, the speed of sound ceases to change at low tem-
peratures as the anharrnonic effects and defect motion are
frozen out. In glasses, on the other hand, the sound ve-
locity at frequencies up to 450 MHz is observed to in-
crease linearly as the temperature is decreased from 25 to
4 K. This variation is in marked disagreement with the
observed internal friction and the relationship between
modulus change and internal friction given by Eq. (1).
This effect has also been seen in metastable alloys with
long-range crystalline order, and the relationship be-
tween TS and the Bellessa effect in such solids remains an
area of active work and lively speculation.

One way to explain this term is to modify the flat dis-
tribution of tunneling parameters and well asymmetries
in the standard tunneling model to give more states at
large tunneling parameters (large barriers or well separa-
tions) than at low barrier heights, an approach which
has been faulted for not explaining the physics behind the
additional parameters, or for not explaining both fre-
quency and temperature dependences at the same
time. ' A resolution of this issue is beyond the scope of
this paper. It cannot be explained by retaining the flat
distribution and adding higher-order terms such as two-
phonon processes to the relaxation of tunneling systems;
this transforms the lnT dependence of the speed of sound
on temperature to a logarithm of a polynomial in T,
which will change the coefficient but will have a small
effect on the functional form of this dependence over a
limited temperature range. By using the tunneling-state
densities inferred from the low-temperature internal fric-
tion as well as typical couplings for these higher-order
processes, we can mimic the linearity but not the magni-
tude of the Bellessa effect over the full measured tempera-
ture range; ' we can get a pseudolinear 5U/u with a P of
only —10 ppm/K. Although the TS theory is usable at
kHz frequencies even if the linewidths are comparable to
c for states with c=k&T—as in normal metallic glasses
below 2 K—above 30 K phonons would relax tunneling
systems so rapidly that their intrinsic linewidths would be
much larger than kz T, suggesting that the concepts use-
ful below 1 K must be significantly revised in the inter-
mediate temperature regime (2—100 K). The tempera-
ture range of the Bellessa effect is too low for anharmonic
effects and other fundamenta1 processes ta contribute
(as discussed above), and activated processes which can
explain Q

' at these temperatures can account for only a

small part of 5v/U. This mystery is particularly stark in
the case of metallic glasses like Pd-Si and Cu-Zr, in which
the temperature independent Q

' in this region can be
accounted for with the same TS which explain the & 1-K
elastic properties. Then there are no activated processes
needed to explain Q ', but one observes P of —100
ppm/K!

When we turn to the data (Sec. IV) we will see which of
these processes which occur in familiar alloys can also
occur in this new class of alloys, quasicrystals.

III. EXPERIMENTAL PROCEDURE

P

1/2

=V,
2 2

' 1/2
3Vl 4vr

v
2 2

=v, 3—
2 1/2

vr

Vl V
2 2 (5)

where v, and vl are the transverse and longitudinal speeds
of sound. Since vl /v, is between 2.5 and 3 for most
solids, we assume v =1.6v, . To study the frequency
dependence of the elastic properties, we excited the over-
tones of flexural vibration near 6 and 17 times the funda-
mental frequency. If this was not possible because of
weak coupling to the electrodes or irregular sample
shape, we clipped the reeds to raise their fundamental fre-
quency. It was often useful to do both: to measure a fun-
damental and overtone, then clip the reed so that the new
fundamental frequency was roughly equal to that of the

Our quasicrystals are melt-spun by induction melting a
piece of a drop-cast arc-melted master alloy in a quartz
tube with a nozzle diameter of roughly 0.5 mm; the melt
is forced out by 1.3 bar of argon onto a 30-cm-diameter
copper wheel spinning at roughly 2000 revolutions per
minute a few rnillimeters from the nozzle. This produces
brittle ribbons typically 1 cm long, 1-2 mm wide, and 25
pm thick. These ribbons were characterized by x-ray
diffraction, transmission electron microscopy, electron
diffraction, energy-dispersive elemental analysis, induc-
tively coupled plasma analysis, differential scanning
calorimetry, and by the examination of defect-etched rib-
bons in a scanning electron microscope. Most quasicrys-
tals measured had less than 5% of intruding phases, and
consisted of dendritic regions between 1 and 10 pm in di-
ameter. Selected area electron diffraction showed orien-
tational order to be maintained over these regions. We
measured the Al-M quasicrystals AlspMn2p A179Ru2&,
A176Mn, 7Ru4Si3, A178Cr, 7Ru5, and A175Re2&,Si4, as well as
A165Cu2pFe)5 and A157Li33Cu&p. We compared these to
orthorhombic A16Mn (o-A16Mn), the decagonal phase
T-A17Mn2, the metallic glass Pd-Si, and annealed Be-Cu,
a low-loss commercial alloy of mixed crystalline phases.

We measured the elastic properties with a vibrating
reed technique. The end of a reed was wet with Stycast
2850 quartz-6lled Epoxy or Eccobond silver Epoxy and
clamped in a brass pedestal. A typical reed had a funda-
mental frequency of 250 to 400 Hz. Its resonant frequen-
cy is proportional to the sound velocity v determined by
the Young's modulus E
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overtone of the unclipped reed. This is important be-
cause the mode shapes of a beam in Bexure are different
for different modes. For example, the maxima of stress
and strain in the fundamental mode occur at the base of
the reed, while for the second mode, there are two maxi-
ma, one at the base and one at a point halfway up the
reed. ' If the elastic properties at the center of the reed
are different from those at the clamped end, data taken
on different overtones of the same reed could lead one to
mistake an inhomogeneity effect for a spurious frequency
dependence of the elastic properties. Clipping the reed in
the manner described thus allows us to distinguish
genuine frequency dependences from the effects of inho-
mogeneity, as we will discuss along with our results on
the Al-M alloys.

For each sample, we measured tuning curves at
different driving amplitudes to establish the calibration of
Q versus signal amplitude and driving voltage. Some of
the reeds showed nonlinearities in the elastic modulus of
up to one part in 10 for a factor-of-2 change in ampli-
tude at their operating amplitude. None of the reeds ex-
hibited nonlinearity in their internal friction over the
range of amplitudes which we used in our experiments.
To accurately establish the calibration of Q versus ampli-
tude, the measured tuning curves were used to correct for
these small nonlinearities. As the temperature was
varied, a phase-locked loop was used to track the reso-
nant frequency, and a computer-controlled drive voltage
maintained a constant strain amplitude between 10 and
10 ~ We were able to measure changes in frequency to
better than one part in 300Q (about one part per million

at low temperatures), and Q
' to a few percent. From

the lowest observed Q
' on crystalline samples with the

same geometry as the quasicrystals (o-A16Mn) we con-
clude that the clamping loss for all samples is less than
2X10 below 10 K.

Self-heating of the samples from internal friction was
not a problem at the amplitudes and temperatures used in
this study. This was checked at 85 mK for
A17$Mn, 7Ru4Si3 and at 13 mK for the A179R112,. In the
latter case, the Q

' versus r curve at fixed amplitude
was used to establish that there was a self-heating of 2
mK at the highest amplitude used in the fixed-amplitude
scans of Q

' and 5v/U versus T. Since thermal resis-
tances drop rapidly as T increases at these temperatures,
self-heating was, in general, a negligible effect. A calcula-
tion for a typical reed with a Q of 5000 which assumes
boundary-resistance limited heat transfer gives a self-
heating of 2 mK at 30 mK for a strain of 10, in good
agreement with the A179Ruz, results considering the vari-
ability of thermal boundary resistances and the difticulty
of accurately calculating the constant of proportionality
between reed vibration amplitude and signal strength.

Because of thermal contraction and the large variation
in elastic constants over the wide range of temperatures
reported here, it is important to eliminate measurement
artifacts. For example, the electrical coupling between
the electrodes and the reed can change if the reed rotates
in its joint during cooling. Changes in the coupling of the
reed to the electrodes can be accounted for by measuring
the linewidth of the resonance and comparing it to the

height of the peak at various temperatures. Another pos-
sible consequence of joint rotation is a spurious electro-
static softening of the reed. ' The presence of this ar-
tifact is detected by measuring the magnitude of the fre-
quency dependence of the resonance on the square of the
bias voltage. We compare typical values for the variation
of the speed of sound with temperature for known alloys
with the temperature variation of the electrostatic soften-
ing at the measurement bias. Practically, if the electro-
static term is larger than 5% of the typical intrinsic term
we reject the sample mounting and readjust the elec-
trodes. All of these artifacts are checked by verifying the
known elastic properties of such materials as annealed
BeCu and PdSi with the same mounting scheme used
with the quasicrystals.

We checked the reproducibility of our data by running
several reeds of the same spinning for different families of
alloys. The most reproducible were the Al-Cu-Fe reeds,
which showed less than 10% variation in Q and 5v/v
at a given temperature. The most variable were the Al-M
alloys which contained manganese. Reeds of as-spun
A176Mn, ~Ru4Si3, for example, could have a Q

' between
3.0X10 and 4.1X10 at 5 K. Despite the quantita-
tive differences, we observed no qualitative differences in
the measured temperature dependences of Q

' and 5U/U
between reeds of the same composition produced in
different spinnings with the same wheel speed. Repeated
runs of the same sample in the same pedestal were repro-
ducible within a few percent over at least a year.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION OF DATA

Figure 1 shows the internal friction Q
' from 2 to 100

K, Fig. 2 shows the relative change in the speed of sound
5v/v in the same temperature range, and Figs. 3 and 4 il-
lustrate the behavior of some quasicrystals and other al-
loys below 5 K. We will group them by similarities in

Q
' and 5v/U and explain the shared features using the

ideas outlined in Sec. II, as we progress from the simplest
to the most complicated cases.

The quasicrystal that most resembles ordered crystals
is the stable phase A157Li33 Cu, o, which is compared with
Be-Cu and the metallic glass Pd-Si in Figs. 5 and 6. Q
is comparable to that of Be-Cu or o-A16Mn at 100 K, and
falls asymptotically to 3 X 10, which is much less than
that of a typical glass (10 ). Also, neglecting a residual

P of —10 ppm/K which we believe to be an experimental
artifact, we do not see the linear variation with T in 5v/v
which appears in all metallic glasses measured in this re-
gime. Figure 5 shows how 5v /U for Al&7Li33Cu, o
resembles the results for BeCu rather than those for the
metallic glass Pd-Si. Figure 6 shows how Q

' for
A157Li33Cu, o compares to the polycrystal and the metallic
glass. This low level of disorder is manifest in the TS re-
gime below 1 K as well, as shown by the results on Al-
Li-Cu of Birge et al. '. Hence it seems that the level of
intrinsic disorder in these quasicrystals is much less than
that in metallic glasses.

The A16&Cu2oFe» shows more loss and greater 5U/U.
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line in their elastic properties. The linear temperature depen-
dence of Q

' for some of the Al-M quasicrystals has not been
seen in other metals. The Q

' of the Al-M quasicrystals varied
from sample to sample of a given melt spinning by the extent of
the bar shown for A176Mn»Ru4Si3, ' for the other alloys, the vari-
ations were less than half as large (less than 10%).
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FIG. 2. Temperature-dependent change in speed of sound
5u/v vs T for the icosahedral alloys shown in Fig. 1 and
o-A16Mn. For most glasses, Su/u ~ —T between 2 and 30 K,
while for crystals 5u/u vanishes as —T . 5u/u for difFerent
samples are offset for clarity. Note the resemblance between
0-A16Mn and Al)7Ll33Culo and the similarity of the Al-Cu-Fe
and Al-Cr-Ru curves.

Although Q
' is the same as that of Be-Cu and

A157Li33Cu&0 at 100 K, Fig. 1, it falls off more slowly
below 70 K and is nearly constant at SX 10 below 2 K,
Fig. 3. There is a Bellessa term of p= —40 ppm/K, Fig.
2. Although no one has yet done a systematic study of
the relationship of this linear variation of 5v/v with T
to the magnitude of the TS effects in metals,
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FIG. 3. Internal friction Q
' of icosahedral alloys, the super-

conducting metallic glass Cu-Zr (Ref. 15), and the normal me-
tallic glass Pd-Si. The A179RU2] shows a glasslike signature
twice as large as Cu-Zr; for the other quasicrystals internal fric-
tions between 2X10 ' and 2X10 persist to the lowest tem-
peratures measured.

Raychaudhuri's work on metallic glasses suggests that a
Bellessa term of the size is comparable to that of metallic
glasses which have a TS coupling C near 5X10 . Such
a coupling would give the correct Q

' below 1 K and
predict a 5v/v =3X10 ln T in that temperature range.
The low-temperature data on Al&sCu2pFe, s however, do
not show this behavior, but rather have a minimum in
Su/u near 0.6 K, Fig. 4, and a P of —36 ppm/K below
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FIG. 4. Relative change in 5v/v vs lnT for icosahedral al-
loys, the supereonducting metallic glass Cu-Zr, and the normal
metallic glass Pd-Si. The resonant frequency is 750 Hz for
A179Ru21 and 1600 Hz for Cu-Zr. The speed of sound variations
for A179RU7& and Cu-Zr agree with the results in Fig. 3, while
the result for Al»Re»Si4 are smaller in magnitude but qualita-
tively similar to that of Pd-Si. Quasicrystals containing the
magnetic atoms Mn or Fe are qualitatively difFerent from these
alloys in their speed of sound variation below 1 K. 5u/v have
been scaled by &he factors noted to permit comparison of signa-
tures on the same graph.
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FIG. 5. Temperature variation of the speed of sound in the
A1»Li»Culo quasicrystal and two well-characterized metals:
the metallic glass Pd-Si and annealed Be-Cu, which is a fine-

grained mixture of two crystalline phases. Al-Li-Cu is much
more like the polycrystal than the metallic glass.

0.3 K. This is more like the behavior of a spin glass with

Tg near 0.6 K, and P for T « T is comparable to —20
ppm/K found for CuMn . The glassy signatures below I

K may be masked if magnetic moments or other defects
are present, and a reliance on only the data below 1 K
may lead to contradictory results. Here we use the data
above 1 K to conclude that A165CuzoFe» has few activat-
ed defects, but is less ordered than A157Li33Cu, o. The ab-
sence of any lnT term in 5u/v down to 20 mK suggests,
however, that the TS constant is much smaller than what
can be estimated from the residual damping. The
A165Cu2OFe» therefore appears to be more disordered
than the A157Li33Cu&o, but not yet glasslike.

The decagonal- or T-phase T-A17Mnz is quasiperiodic
in two dimensions and periodic in the third. Figure 1

shows that it has a relatively simple spectrum of activat-
ed processes, compared to the Al-M quasicrystals. A

peak of height 1.4X 10 rises from this background near
30 K at kHz frequencies. There is a background damp-
ing of 1.2 X 10 and a frequency-independent linear vari-
ation in 5U/U with T of roughly —40 ppm/K. The fre-
quency dependence of the peak and the dispersion of
5u/v, Fig. 7, in this temperature range can be explained

by activated processes with ~0=2X10 ' s and a distri-
bution of activation energies which is sharply peaked
near V/kz =500 K, and has a flat tail of lower-energy ex-

citations extending to energies as low as V/k~ =250 K.
We conclude that the T phase has even more disorder
than A165Cu20Fe», as well as activated processes not
found in the two quasicrystals already mentioned.

Our final family of quasicrystals, the Al-M family, is
the most diverse. Those without magnetic moments,
such as A179Ru2, or A175Rez„Si~, exhibit glassy behavior
below 1 K. Those containing manganese have a 5u/u
which resembles that of spin glasses between 1 and 20
K. The most remarkable feature of this family, however,
is common to all of these alloys: a Q

' which varies al-
most linearly with T between 2 and 100 K, as shown in
Fig. 1. This variation of Q with T is not seen in other
metals, and is one of the few experimental results on
quasicrystals, besides diffraction, in which they show
themselves to be diFerent from either polycrystals or me-
tallic glasses. As in the amorphous solids studied by
Raychaudhuri or Bellessa, the distribution of activation
energies which accounts for Q

' explains only a part of
the temperature variation of 5v/u. First we will examine
the elastic behavior of alloys in this family that can be at-
tributed to familiar processes. Then we will describe the
novel internal friction which can occur in this family.

A179Ru2&, for example, behaves similar to a supercon-
ducting metallic glass. We measured the Meissner effect
by embedding 20 mg of powdered alloy in an epoxy pill
with fine Cu wires for heat sinking and placing it in one-
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FIG. 6. Internal friction for A157Li»Cu&o, Pd-Si, and Be-Cu,
showing the distinction between the internal friction of poly-
crystals and metallic glasses at low temperatures. Note that this
graph shows only the lowest fifth of the internal friction range
of Fig. 1.

FIG. 7. The dispersive part of the speed of sound variation
for the decagonal phase T-A17Mn2. A background of —40
ppm/K has been subtracted and the results for the first two
modes of the reed at 560 and 3300 Hz are set equal at 40 K, well

above the internal friction peak shown in Fig. 1.
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half of an astatic coil pair. The mutual inductance signal
at 1 kHz and a few gauss showed flux expulsion from
most of the sample volume with the midpoint of the tran-
sition at 0.8 K with a 10—90%%uo width of 0.2 K. The elas-
tic measurements, Figs. 4 and 3, show a 5v/v which
peaks at 35 mK at 800 Hz and a Q

' which is nearly
constant down to this temperature and decreases rapidly
as T is reduced still further. For comparison, we show
results on Cu-Zr, a superconducting metallic glass with
T, around 0.3 K, which also has these features. In
A179Ruz, , the magnitudes of the lnT term in 5v/v and

Q
' above 50 mK are twice the size of the corresponding

quantities in Cu-Zr, confirming that TS are as common in
this quasicrystal as in a typical metallic glass. This does
not imply that A179Ruz, is a metallic glass, however. As
the studies of recrystallized Pd-Si by Cibuzar et al.
have demonstrated, it is possible to produce samples
which show the x-ray patterns of polycrystalline alloys
but have the same TS coupling C, observed through elas-
tic measurements, as amorphous metals. Similarly, x-ray
powder patterns of the A179Ruz& show that although the
composition is mostly quasicrystal with a few percent fcc
Al, it exhibits full glassy elastic behavior.

In A175Rez&Si4 we have somewhat less agreement with
the TS picture. Although P is positive below 1 K, the
data is equally poorly fit by lnT or T between 0.02 and 1

K. We determined that the low-temperature limits of
5U/v and Q

' are not caused by self-heating of the reed,
as explained in Sec. III. We have found that the magni-
tude of this frequency variation below 1 K is inversely
proportional to the amplitude of vibration, while the TS
model predicts no amplitude dependence of elastic prop-
erties at these frequencies. Nevertheless, since both
spinglass and relaxational (both TS and activated) in-

teractions should give a negative P as T~0, according to
theory, we can still conclude that there are resonant in-
teractions with defects similar to, but not identical with,
those found in metallic glasses. Q

' at 1 K is ten times
larger than that of A157Li33Cu&0, Fig. 3.

The third nonmagnetic alloy in this family is
A178Cr&7Ru5. Although we have not measured its proper-
ties below 1 K, ~P~ is less than 25 ppm/K between 1.5
and 4 K, Fig. 8, just as is the case for A175Rez/Si4 and

A179Ruz&, and quite unlike the behavior of the Al-M al-
loys which contain Mn. This implies that the low T pro-
peties of A178Cr, 7Ru5 are similar to those of A175Rez&Si4
and A179Ru2, . The Q

' is the lowest of any nonmagnetic
Al-M alloy we have measured, and the characterization
steps discussed in Sec. III revealed large grain size and
low levels of other phases. Hence we will use the
A178Cr, 7Ru5 as a standard against which to compare the
more complicated behavior of the manganese alloys in
our discussions of the spinglass contribution, Fig. 8.
Since its Q

' is in the middle of the range spanned by all
the Al-M alloys, magnetic and nonmagnetic, we mill also
return to A178Cr, 7Ru5 in our discussion of the Bellessa
effect in these alloys, Fig. 9.

The Al-M alloys containing Mn do not show any
features in agreement with the TS picture. The tempera-
ture coefficient P is large and negative below 1 K
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FIG. 8. Qualitative effect of spin-glass interactions on 5U/v
of an A1-M quasicrystal. We choose a linear combination of the
5U /U of A178Cr, 7Ru5 and the magnetic susceptibility of
Al-Mn-Si as measured by Eibschutz et al. (Ref. 38). This linear
combination matches the temperature derivative of the relative
change in speed of sound at 1 and 10 K and produces the spin-
glass curve. This curve qualitatively reproduces the curvature
and T~O limit of the 5U/v data below 10 K which are found in
the magnetic Al-M quasicrystals but which are absent in the
nonmagnetic members of this family.
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FIG. 9. Disagreement between the experimental 5v/U and
the 5U/U calculated from a distribution of activated processes
which fits the internal friction, for Al»Cr»Ru&. The difference
is a common feature of disordered materials between 2 and 30
K, especially in metallic glasses.

(= —300 ppm/K), while Q
' drops by a third between 1

and 0.02 K, see Fig. 3. Unlike all the other quasicrystals,
for which ~P~ (25 ppm/K between 1 and 4 K, ~P~

remains large (100 ppm/K). Above 4 K, the slope in-
creases again to 175 ppm/K at 6 K.

In Fig. 8 we present an expanded view of 5U/U for
A176Mn&7Ru4Si3, which shows the features below 10 K
which we will now explain as a consequence of magnetic
interactions. In one of the first studies of the elasticity of
spin glasses, performed on CuMn, the procedure was to
subtract a background 5U /U based on the functional form
expected for an otherwise perfect crystal, using measure-
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ments of 5v/u at T))T, in this case 30—70 K, and to
establish the constant of proportionality between the

remaining change in modulus and the magnetic suscepti-
bility y, as suggested by theory. Since CuMn can be
grown as large single crystals, the contribution of
structural disorder to elastic behavior may plausibly be
neglected. In the case of A176Mn, 7Ru4Si3, however, we
do not have a quantitative idea of what the background
is—it could include activated processes, a term linear in
T as discussed by Bellessa, ' and the anharmonic effects
seen in crystals as well. Instead, we try to understand it
by referring to A179Ru», Al»Re2, Si4, and A17,Cr, 7Ru5.
For example, we made a linear combination of 5u/u for
A178Cr, 7Ru5 and the g of A17~Mn2oSi6 quasicrystals mea-
sured by Eibschutz et al. We chose the constants of
proportionality to give the measured P of A176Mn, 7Ru4Si3
at 1 and 10 K. The result is the solid line shown in Fig.
8, labeled "spin glass. " This reproduces the qualitative
features of the alloys containing Mn. An understanding
of the Mn alloys below 5 K, including the dramatic
changes below 30 mK observed by Haemmerle et al. ,
will require further work on crystalline and amorphous
spin glasses.

While their low-temperature properties are diverse, the
Al-M alloys are similar in Q

' and 5v/v above 10 K:
Q

' varies roughly linearly with T with finite damping as
T~O. This linear temperature dependence is unusual,
and has not been seen in any other metallic system, crys-
talline or glassy. The magnitude of this linear term can
vary by a factor of 4 between different samples of similar
composition; for example, we have made samples of
A17&Mn2oSi6 for which the Q is one-fourth that of
A176Mn, 7Ru4Si3 in the 1 to 100 K range.

Although this term is of variable magnitude, we are
convinced that it is not an artifact of our measurement,
but is instead a novel form of internal friction which
occurs under certain conditions in these metastable quasi-
crystals. Through careful characterization we have elim-
inated the complex morphology of these samples as a
source of the anomalous internal friction. We have seen
similar magnitudes of this effect in quasicrystals with
grain sizes ranging from below 1 pm to greater than 10
pm. The stable phase quasicrystals that we have mea-
sured do not show this behavior, although they have
similar grain sizes and gross morphology, and are melt-
spun under identical conditions. We have made a meta-
stable crystalline solid solution, A195Mn~, which does not
show this effect, and we do not see it in the metallic glass
Pd8oSizo. The fundamental losses in our apparatus have
been carefully characterized by measuring the elastic
properties of the annealed polycrystal Be-Cu in a com-
pound oscillator, Be-Cu glued into a pedestal as a reed,
and of reeds made entirely of Stycast 2850FT. From
these data we conclude that the mounting scheme does
not contribute in a substantia1 way to the elastic proper-
ties of the quasicrystals. We have noted, however, that
annealing can reduce the magnitude of this linear term.
The quasicrystal A176Mn, 7Ru4Si3 was annealed for 24 h
at 523 K in vacuum, a temperature chosen to be slightly
below the onset of the metastable transition as deter-
mined by differential scanning calorimetry. Following

this treatment it showed a 50% reduction in both Q
and the Bellessa term. This observation suggests that the
origin of this unusual internal friction is disorder that
was quenched in as these quasicrystals were formed;
its absence in the more stable families of quasicrystals
(Al-Cu-Fe, Al-Li-Cu) suggests its relationship to the ki-
netics of growth.

Studies of the higher modes of the Al-M reeds indicate
substantial inhomogeneity effects in some of the samples.
Variations in sample thickness cannot produce inhomo-
geneity effects; they are rather a local property of the
solid. The A174Mn2vSi6 reed, for example, showed a Q
at 40 K of 1.5 X 10 for the fundamental at 110 Hz and
a Q

' of 2.4X10 for the second mode at 600 Hz, an
implausibly rapid variation with frequency compared to
the lnco dependence expected for either activated process-
es or TS. When the reed was clipped to raise the funda-
mental mode to 430 Hz, Q

' was 1.5X10 . Since the
points of maximum strain in the fundamental mode are
the base of the reed, and at the base and the point half-
way up the reed in the second mode, the unusual frequen-
cy behavior of the original reed can be attributed to
higher damping at the reed center than at the clamped
end, rather than to any intrinsic variation with frequency.
This example shows the importance of cross checking
any unusual frequency dependences in elasticity data ob-
tained by the vibrating reed technique; one must compare
several samples at the same frequency, or obtain similar
frequencies on the same reed by the two different
methods of exciting a higher tone or clipping the reed.

Since the unusual linear Q
' is not peaked, there is a

broad distribution of activation energies, and we will as-
sume the material is disordered to the extent that Gilroy
and Phillips's deduction of a temperature-independent re-
laxation strength A is valid. ' lf we make N(V) in Eq.
(3) the step distribution N ( V) =N for V & V,„and N =0
for V) V,„and look at T « V,„/ks, then Q=

—,'whack~ T and

,' ANks Tin(1—/r—vrv) = —10ANks T (6)
1 5E

0

for kHz frequencies and typical ~o. More generally, if
N ~ V", then Q '~ T"+' and AE/Ev ~ —T"+'. The
temperature-dependent part of the Q

' for these quasi-
crystals can be fit by n between —0.5 and 0. Such a Hat
distribution is physically plausible in a disordered system;
it is surprising that it has not been seen in other disor-
dered materials.

The temperature at which damping is observed can be
converted to an activation energy by noting that cur=1 at
the center of the resonance, and V=ksTln(1/cubo) re-
lates the energy V to the temperature T at which damp-
ing is seen at frequency co. With a typical ~o of 10 ' s,
then, we get a range of activation energies that is roughly
Aat from at least 0.004 to 0.2 eV. This range of energies
is unusual. For comparison, in vitreous silica'
N ( V) ~ exp( —V/ Vo ) with Vo =0.05 eV. Excitations
that have characteristic energies in this range include
small-angle bond bending in a covalent glass (=0.05 eV)
and the Bordoni peak associated with dislocation motion
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(=0.12 eV). Diffusive processes occur at higher energies
(=1 eV).

As in other disordered metals and dielectrics, the dis-
tribution of activation energies needed to describe Q
leaves much of 5U/U unaccounted for. Figure 9 shows an
example that of A178Cr, 7Ru5; it compares the measured
5v/v with that calculated from the distribution of ac-
tivated processes used to fit Q '. The difference between
them is roughly linear between 10 and 50 K, as found in
previous work, with a slope between 50 and 190 ppm/K
for different quasicrystals, typical of the values found in
metallic glasses. This slope is roughly proportional to
Q

' at 1 K. This is remarkable, suggesting that T~O
damping is related to the linear variation of 5v jv with T
which remains after the speed of sound contribution of
the activated processes has been accounted for. The con-
nection with TS theory is, however, obscured by oc-
casional disagreement in the values of C obtained from
measurements of 5U /U or Q

V. CONCLUSIONS

We have observed a wide variety of elastic behavior in
quasicrystals: the temperature variation of Q

' and
5v/U for various samples and temperature regimes can be
identified with those of metallic glasses, spin glasses, and
polycrystalline alloys. In addition, Al-M quasicrystals
can have an unusual Q which varies linearly with Tbe-
tween 5 and 100 K, a feature not found in either metallic
glasses or metals with defects. X-ray diffraction and elec-
tron microscopy show no evidence by which to distin-
guish these quasicrystals. From our measurements we
draw three conclusions and suggest what further work on
quasicrystals and glasses would be most useful.

The experiments show that the best quasicrystals (from
the Al-Li-Cu family in this study) resemble annealed
polycrystals much more than they resemble metallic
glasses, although we have measured elastic signatures in
metastable quasicrystals that are similar to those seen in
amorphous metals. A comparison of Bragg peak widths
versus phason momentum in melt-spun Al-Mn-Si and
faceted dendrites of AI-Li-Cu, on the other hand, shows
no significant difference in the degree of phason strain be-
tween these two kinds of alloys. Hence, results like the
factor of 5 difference in internal friction at 1 K between

A178Cr&7Ru5 and A157Li33Cu&0 are not due to differences
in phason disorder between these two alloys. Although
Birge et al. ' find evidence that the TS density of states in
samples of Al-Li-Cu produced by different techniques in-
creases with the degree of phason strain in these samples,
our work shows that other factors are of at least equal
magnitude when making comparisons between quasicrys-
tals of different families. A second conclusion, following
from the glasslike properties of alloys like A179Ru2&, ~is

that the disorder specifically responsible for the universal
features of glasses must be local and involve only a tiny
fraction of the atoms of a disordered solid; a substantial
disturbance of the long-range order of a solid is not re-
quired to produce these features. Third, quasicrystals
have at least one unusual physical property which distin-
guishes them from crystals and metallic glasses: some of
the metastable quasicrystals have an exceptionally large
internal friction which increases linearly with tempera-
ture between =5 and = 100 K.

It is interesting to consider how the difference in the
internal friction of the stable and metastable alloys might
be related to their differing growth kinetics. Measure-
ments of other physical properties of quasicrystals have
almost always led to results in which quasicrystals appear
to be unremarkable alloys. Unusual elasticity data such
as ours are thus sensitive tests of the models of structure
and nucleation of quasicrystals; a good theory should ac-
count for the substantial differences between Al-M and
A157Li33Cu, quasicrystals.

Further progress in the more general problems of
disordered solids requires developing a testable theory of
the microscopic origin of TS and their relation to disor-
der and metastability. Quasicrystals, along with recrys-
tallized metallic glasses, can help establish the kind and
degree of disorder required to reproduce the properties of
fully amorphous materials, and hence constrain models of
TS origins in a way that is not possible with the usual
glasses. As research move towards explaining the com-
mon properties of glasses in the intermediate temperature
regime (5 to 100 K), it will also be necessary to examine
how the linear variation with T of 5v/v noted by Belles-
sa ' arises as a crystalline alloy is varied in composition
from a defect-free crystal to a disordered or metastable
metal. In this program, quasicrystals may live up to their
promise as a system which links crystals with glasses.
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